Left ventricular volume is an important variable in cardiovascular physiology. Because volume cannot be transduced directly, by necessity people measure one or more cardiac dimensions, then implicitly or explicitly estimate volume. Despite its common use, this practice has never been adequately justified. Previous validations of the use of left ventricular dimensions to infer volume have ignored the complexity of the relation between dimensions and volume, particularly over a broad range of hemodynamic states, and have not considered the frequency content of the volume signal needed to answer a given physiological question. We show that, strictly speaking, the assumptions underlying this practice are false. The resulting errors are of little practical consequence under many circumstances, whereas they can be quite important under other circumstances. We consider the frequency content of the volume signal to organize our examples and findings. In this general framework, we find that, for most assessments of volume change from dimension change at or below a frequency of about the heart rate (e.g., beatto-beat end-diastolic volume), there is no limitation, provided all relevant dimensions are measured. However, for information at frequencies above the heart rate (i.e., rapid changes in volume or dimension), it is probably not possible to draw accurate conclusions about left ventricular volume from dimension data. (Circ Res 56:161-174, 1985) LEFT ventricular volume is an important determinant of cardiac function. The left ventricle adapts to chronic alterations in its mechanical load (e.g., pressure or volume overload) by increasing its size through dilation and hypertrophy. The Frank-Starling mechanism relates left ventricular systolic performance to end-diastolic volume (i.e., sarcomere length) on a beat-to-beat basis (Frank, 1895; Starling, 1918) . To understand individual beats in terms of pressure-volume loops (Sagawa, 1978) , timevarying systolic volume elastance (Suga and Sagawa, 1974a), or diastolic pressure-volume curves , one must have knowledge of continuous left ventricular volume throughout a beat. To estimate the contribution of viscous forces to diastolic pressures (Rankin et al., 1977; Pouleur et al., 1979; Hess et al., 1983) one must have knowledge of the rate of volume change. Thus, study of left ventricular function emphasizes left ventricular volume changes occurring over a broad range of time scales, from slow changes during chronic adaptation to fast changes that determine the magnitude of viscous forces during filling.
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The time-varying left ventricular volume can be considered a signal, and so can be decomposed into a sum of sine waves of various frequencies using Fourier analysis. Viewed in the frequency domain, the diverse volume information required to study different aspects of left ventricular function can be simply restated: Studies of chronic adaptation in left ventricular size require low frequency volume information, while studies of viscous forces during diastole require high frequency information. Transforming diameter data into the frequency domain allows us to define the limitations of such measurements as indicators of left ventricular volume relative to the fundamental frequency of cardiac activity, the heart rate.
Because there is no perfect volume transducer applicable to intact human or animal studies, left ventricular volume must be estimated. Most investigators measure one or more left ventricular dimensions, using techniques such as angiography (Rushmer and Thai, 1951; Dodge et al., 1966) , ultrasonic crystals (Rushmer et al., 1956; Horwitz et al., 1968; Bugge-Asperheim et al., 1969; Sasayama et al., 1976; Rankin et al., 1976; Hintze et al., 1982) , radiopaque markers (Carlsson and Milne, 1967; Mitchell et al., 1969) , or echocardiography (Feigenbaum, 1972) , then relate these dimensions to volume by using the dimension as a surrogate for volume without explicitly stating the relationship between dimension(s) and volume, or by combining the measured dimensions with some explicit mathematical function to estimate left ventricular volume. Because all these methods require a linear measurement between two points in the left ventricular wall, such as diameters across the cavity or segment lengths tangent to the wall, we will focus on dimensions obtained with pairs of piezoelectric crystals. Regardless of the technology used to obtain the dimension data, these two approaches to relating dimension to volume are fundamentally similar; both assume a single, fixed relationship between left ventricular dimension(s) and volume.
Past attempts to justify the use of left ventricular dimensions to assess volume have not adequately evaluated the assumption of a fixed relationship between dimensions and volume. Good correlations (r > 0.90) between dimensions and known volume have been demonstrated in excised beating (Suga and Sagawa, 1974b) and postmortem (Bishop and Horwitz, 1970; Levken et al., 1972; Rankin et al., 1976) left ventricles, or a left ventricular volume estimated by indicator dilution (Bishop and Horwitz, 1970; Levken et al., 1972) . Others have shown similar correlations between change in dimension or some product of dimensions during systole and a stroke volume determined from aortic flow measurement with an electromagnetic flow probe (Wilson et al., 1967; Bishop and Horwitz, 1970; Horwitz and Bishop, 1972; Bugge-Asperheim et al., 1972; Rankin et al., 1976; Olsen et al., 1983) or by indicator dilution (Kirkpatrick et al., 1976) . Although these studies provide evidence of a reasonable relationship between left ventricular dimension and volume, they do not clearly delineate the limitations involved in using dimensions to assess volume for two reasons. First, these studies have reported validations using predominantly low frequency volume change, even though some investigators have studied high frequency volume change. Second, the volume standards, particularly postmortem left ventricles, angiography, and indicator dilution methods, are themselves subject to considerable error.
In this paper, we systematically examine the assumption of a fixed relationship between left ventricular dimensions and volume. This examination covers a wide range of hemodynamic states and the whole cardiac cycle. We will show that, as a rule of thumb, the ability of dimensions to represent left ventricular volume accurately decreases as the frequency of left ventricular volume information required to answer the physiological question at hand increases. Although the frequency of the heart rate is not an absolute delimiter, the variability of the relationship between left ventricular dimension(s) and volume does not importantly limit most uses of left ventricular dimensions to assess left ventricular volume for the study of left ventricular function during chronic adaptation or beat-to-beat changes Circulation Research/Vol. 56, No. 2, February 1985 in function. In contrast, important limitations exist for detailed studies of left ventricular function during short periods of the cardiac cycle or studies of viscous effects, which require the derivatives of dimension or volume.
Methods
To collect the original data included in this paper, we used a total of 10 male mongrel dogs (weight 21-26 kg). All dogs were preanesthetized with morphine sulfate and diphenhydramine (1 mg/kg each). General anesthesia was induced with intravenous thiopental sodium (0.75 mg) and was maintained with methoxyflurane delivered in a 60:40 mixture of oxygen and nitrous oxide by a Ventimeter (Airshields). Blood gases and pH were monitored at 30-to 60-minute intervals, and ventilation was adjusted and sodium bicarbonate given to maintain pc>2 greater than 80 mm Hg, pcc^ at 40 ± 5 mm Hg, pH at 7.4 ± 0.05, and HCO 3 " at 24 ± 4 mmol.
Two different preparations were used. For preparation 1, seven dogs were instrumented with 5 MHz epicardial hemispherical crystals placed to measure base-to-apex dimension (B) and anterior-to-posterior minor axis diameter (A) (sutured on the anterior and posterior left ventricle free walls adjacent to the ventral and dorsal interventricular sulci approximately % of the distance from the apex to the circumflex artery) (Rankin et al., 1976) . Wall thickness (h) was measured on the lateral free wall at midventride, using a 2mm flat plate crystal tunneled obliquely through the wall to lie against the endocardium and a 5-mm flat plate crystal sutured to the overlying epicardium. Intercrystal transit-time dimensions were measured using a Triton Technology sonomicrometer. Left ventricular volume (V) was calculated by the method of Rankin et al. (1976) : V •= x/6(A -2h) 2 (B -l.lh).
(1)
The instrumentation of these dogs was completed by placing electromagnetic flow probes (Carolina Medical Electronics) snugly on the aortic root and main pulmonary artery, balloon ocduders around pre-and post-cavae, a balloon catheter in the pulmonary artery, an umbilical tape snare around the descending thoradc aorta, and 8F Millar (Millar Instruments) pressure catheters in the right (via a small stab incision in the outflow tract) and left (via a carotid artery) ventrides.
For preparation 2, three additional dogs were instrumented only with 5 MHz epicardial hemispherical crystals to measure several dosely spaced anterior-posterior left ventride diameters. One set of crystals was placed as described above, and an additional crystal was placed approximately 1 cm (crystal center to crystal center) away from each of the original pair. In some dogs, one or two additional crystals were placed on the anterior free wall (about 1 cm intercenter distances). A total of four to seven dimensions between crystal pairs was measured (only two dimensions were measured simultaneously). Balloon catheters were placed on both the pre-and post-cavae. One dog prepared as in preparation 1 was also used for this preparation, bringing the total to four dogs.
Data Recording and Analysis
All data were recorded on FM magnetic tape (Honeywell 5600C) and later digitized (Horowitz et al., 1984) at a 200-Hz sampling rate and stored on digital tape. Specific 
Equations for Commonly Used Left Ventricular Model Shapes
Ellipsoid ( analyses will be described in the appropriate sections below.
Influence of Model Shape
To estimate left ventricular volume from measured dimensions, one must choose a model shape and derive the mathematical relationship between the dimensions in the model and its volume. Table 1 lists the equations of the commonly used model shapes shown in Figure 1 .
The equations associated with commonly used prolate model shapes with circular cross-sections (Table 1) 
where F,(#) scales the product of dimensions to produce a volume estimate for the different model shapes. Fi(</>) depends on the specified model shape, and 4> is the ratio of the semimajor axis of the ellipsoid to the total baseapex diameter ( where S(t) is time-varying left ventricle septal-free wall diameter.
Of the determinants of time-varying volume described by Equations 2 and 3, only the diameters are time-varying. The scaling factor F|(#) does not depend on time. Thus, assuming a fixed relationship between left ventricular diameter and volume, any of the shapes examined (for a given set of diameters) will give equally valid relative volumes. Estimated left ventricular volume change over time results from measured diameter changes over time. The model shape contributes nothing to the relative time variation of the left ventricular volume estimate. Table 2 shows the magnitudes (average and standard deviations) at each harmonic of the Fourier transforms of epicardial-to-epicardial anterior-posterior diameters measured in the four preparation 2 dogs. The diameter signals contain clearly identifiable information out to the fifth or sixth harmonic before exhibiting the relatively flat spectrum associated with the underlying noise in the measuring system. This finding is consistent with reports by Vayo (1967) and Rankin et al. (1976) . The zero frequency component represents the mean diameter, and the first harmonic represents the basic sinusoidal variation as the heart beats. The higher harmonics include the information necessary to describe progressively faster changes in the diameter waveform, as well as the fine details of the observed wave shape, and become especially important if Values are mean ± SD of the frequency magnitude spectra obtained from fast Fourier transforms of n closely spaced left ventricular anterior-posterior diameters. HR = heart rate. The coefficient of variation (standard deviation/mean) as a function of harmonic (multiples of heart rate, HR). The increase in coefficient of variation with increase in frequency indicates that the variability in information content of the diameters increases relative to the mean, suggesting that diameter is less reliably related to volume at higher frequencies of volume change. The jump between harmonics 1 (heart rate) and 2 suggests that the heart rate is the frequency that divides reliable inference about volume from less reliable inference about volume.
Information Content of Diameter Changes at Different Frequencies
one is interested in computing the derivative of the waveform.
The mean magnitude, as well as the standard deviation, of the sinusoid at each harmonic falls as harmonic number (frequency) increases (Table 2) . To get a better idea of the variability between the slightly different diameters, we computed the coefficient of variation (standard deviation/ mean) in amplitude at each harmonic; this procedure quantifies the variability normalized for the amplitude of the signal at that harmonic. Figure 2 shows that, although between-site variation is relatively small for the mean diameters (Oth harmonic) and first harmonic (at the heart rate), it increases rapidly at the second harmonic. The overall trend over the frequency range of 0 Hz to the third or fourth harmonic is one of increasing coefficients of variation. The coefficients of variation decrease above the third or fourth harmonic as the signal approaches the noise of the measuring system, which is small and varies little among experiments. This trend means that, at the important harmonics above the heart rate, the variation in information between closely spaced sites is large compared with the components of the signal at those frequencies. In other words, although the gross appearances of the signals were similar (because of similar amplitudes of the low frequency components), the detailed structure of the waveforms was variable. This fact precludes drawing strong conclusions about questions that depend on relating the fine structure of the diameter waveform to the fine structure of volume change.
Examining the Assumptions
To facilitate the investigation of the assumption of a single fixed relationship between left ventricular dimensions and volume, we state the component assumptions that are implicit when assuming a fixed relationship:
Regional Invariance: There is no regional variation among possible left ventricular dimension measurements; for example, a segment length or diameter measured near the apex of the left ventricle is as representative of left ventricular volume as one measured near the base.
Cycle Invariance: The relationship between any given left ventricular dimension and volume does not vary throughout the cardiac cycle.
Although we concentrate on the inference of left ventricular volume from dimensions measured with ultrasonic crystals, the analysis applies to any means of obtaining a left ventricular dimension. In addition, it is important to emphasize that the conclusions we reach apply, even if a dimension could be measured with no error.
Regional Invariance
For a dimension to be used, accurately, as a substitute for, or estimate of, left ventricular volume (particularly when comparing diameters among subjects or among different laboratories), it must convey the same information about left ventricular volume change no matter where it is measured on the left ventricle. Regional variation in the relation between left ventricular dimension and volume can be considered on two levels. First, gross variation arises because the left ventricle consists of several anatomical regions: anterior free wall, posterior free wall, lateral free wall, septum, base, and apex. Thus, some choice of representative regions is required. Second, local variation arises from differences in site of transducer placement because it is difficult to define clearly the boundaries of a particular anatomical region of interest, such as a segment length measured on the anterior free wall midway between the base and apex or an anterior-posterior diameter measured in the plane of the left ventricle minor axis. Placement with reference to relatively fixed landmarks on the left ventricle (e.g., LeWinter et al., 1975) can minimize placement errors within a laboratory, but among different laboratories there are certain to be errors on the order of several millimeters in what are ostensibly the same placement sites. This difficulty is compounded by the all-too-brief descriptions of crystal placement given by most investigators.
If dimensions that are different on either a gross or local scale respond differently to a given change in intrinsic left ventricular function, left ventricular volume, or mechanical load on the left ventricle, the selection of a dimension may have important consequences for interpreting left ventricular function.
Segment Lengths
There are gross variations in the way left ventricular segment lengths change during the cardiac cycle in a baseline state. Data from different articles (Bugge-Asperheim et al., 1969 , 1972 Lekven et al., 1972; LeWinter et al., 1975; Hagl et al., 1977; Theroux et al., 1977; Hurlbut et al., 1978; Kumada et al., SUnker and Glantz/Left Ventricular Dimensions and Volume 165 1979; Sabbah et al., 1981; Badke, 1982) , which are nominally representative of normal physiological function, show wide variation. For example, average diastolic filling rates (our calculations) range from 1 mm/sec (Bugge-Asperheim et al., 1969) to 70 mm/ sec (Theroux et al., 1977) . This wide range reflects, in part, different physiological conditions, different initial lengths due to variable separation between the pairs of crystals, and different orientation of the axis between the crystal pair with respect to myocardial fiber angle. However, when controlling for such differences by examining regional data reported in a single paper or in a variety of papers originating from the same laboratory, average rates of change are seen to vary by as much as a factor of 10. This large variation supports the work of several investigators who have reported regional variation among segment lengths (Bugge-Asperheim et al., 1969; Bugge-Asperheim and Kiil, 1973; LeWinter et al., 1975; Kent et al., 1978; Lew and LeWinter, 1983) .
Regional variation on a local scale can also be demonstrated. Lekven et al. (1972) show data which relate segment length, S, cubed to postmortem left ventricular volume, V, in five dogs. These segment lengths were measured on the anterior free wall of each left ventricle. (It is reasonable to assume that Lekven et al. attempted to place the pair of crystals at the same site on the free wall of each ventricle. However, because no explicit assurance is given by these authors that this was the case, the possibility remains that the variations in placement are larger than we assume.) Although the five segment lengthvolume relationships are linear with correlation coefficients of 0.91 to 0.99, the five slopes differ by an order of magnitude ( Fig. 3A) . A given volume change produces only small variation in S 3 in some dogs, but large variation in others. Hence, in the absence of a volume calibration standard, the segment length data from these different dogs would not be directly comparable.
In lieu of calibration against a known volume, segment lengths are commonly normalized as percent change from a baseline state. Consider two identical left ventricles, one in which segment length relates to volume by S 3 = 210 + 2.4V
(4) and a second for which segment length relates to volume by S 3 = 1100 + 26V.
These two equations represent the smallest and largest slopes of the lines in Figure 3A . Assume the enddiastolic volume in each ventricle is 60 ml and stroke volume is 30 ml. Percent segment length shortening during systole is 7% for the first ventricle and 11 % for the second. Because volume change is the same in both ventricles, there should be no discrepancy. Thus, percent change normalizations can yield large differences in segment length change, when, in fact, there are no differences in volume change. The converse is also easily demonstrable. A 10% segment shortening from an end-diastolic length of 7 mm, for the ventricle described by Equation 4, represents a 38-ml stroke volume and 0.69 ejection fraction, whereas a 10% shortening from an end-diastolic length of 13.5 mm, for the ventricle described by Equation 5, represents a 25-ml stroke volume and 0.48 ejection fraction. Hence, equal percent shortenings of segments on two hypothetically similar ventricles do not translate into equal levels of ventricular function. Percent change only accounts for scaling differences in the mean level of a signal. Alternatively, z score normalization computed as z, ^ x ; -/s
where i is the i* data point, x is the mean, and s the standard deviation, can be used to normalize the segment lengths by accounting for both the mean and the variability about the mean. We calculated the mean and standard deviation for the S 3 and volume data from each of the five dogs in Figure  3A . After z normalization of S 3 and left ventricular volume, the five very different slopes [P < 0.001 by analysis of covariance (Zar, 1974) ] of the relations between raw S 3 and left ventricular volume superimpose with a common slope of 0.97 (P > 0.5) (Fig.  3B) . The common slope of about 1.0 indicates that a change of one standard deviation in volume produces a change of one standard deviation in segment length. Thus, the raw segment lengths, which show different degrees of variability in response to a given volume change, can now be compared by taking into account the variability (quantified as the standard deviation), as well as the mean, of the segment length. The fundamental relationship between the five different raw segment lengths and slow changes in volume in a nonbeating left ventricle (Fig. 3A) is the same from dog to dog. Regional variation has also been shown in the responses of segment length changes to alterations in hemodynamic state or contractility. LeWinter et al. (1975) report that percent segment length shortening measured basally on the left ventricle decreased after a sudden aortic constriction, but that shortening measured at midventricular or apical sites did not change significantly. A recent report from the same laboratory (Lew and LeWinter, 1983) showed differences in rapid and slow segment lengthening (normalized as strain relative to minimum diastolic length at a baseline end-diastolic pressure of 5 mm Hg) during filling among anterior segment lengths measured at midwall depth at basal, midventricular, and apical sites. Hurlbut et al. (1978) showed that systolic segment shortening near the base was not appreciably changed by either positive (isoprenaline) or negative (propranolol) inotropic interventions, whereas segment shortening near the left ventricle apex was markedly changed. In this case, two entirely different interpretations are possible, depending on the region chosen to represent global left ventricular volume. However, these regional differences may be of interest in terms of the segment length itself. Our conclusions do not apply in studies where no volume inference (either implicit or explicit) is made from the segment lengths.
Diameters

Gross Variation
There is well-accepted evidence for regional differences among various left ventricular diameters. The base-apex diameter contributes relatively little to left ventricular volume change compared to the minor axis diameters (Hawthorne, 1961; Mitchell and Mullins, 1967; Wilson et al., 1967; Bishop and Horwitz, 1970; Rankin et al., 1976; Walley et al., 1982; Grover and Glantz, 1983) . The two commonly Circulation Research/Vol. 56, No. 2, February 1985 measured minor axis diameters, the septal-free wall and the anterior-posterior, respond differently when a pulmonary artery constriction increases right ventricular afterload (Bemis et al., 1974; Stool et al., 1974; Badke, 1982; Kingma et al., 1983; Olsen et al., 1983; Visner et al., 1983) because of direct ventricular interaction. The septalfree wall diameter decreases, whereas the anteriorposterior diameter remains constant or decreases slightly. Similarly, Cassidy et al. (1982) showed that positive end-expiratory pressure respiration affects these two minor axis diameters differently. Conversely, these two minor axis diameters both fall when a vena caval constriction reduces inflow to both ventricles.
The different responses in septal-free wall and anterior-posterior diameters to pulmonary artery constriction and positive end-expiratory pressure respiration are the result of a left ventricular shape change. Thus, the choice of diameter will always influence interpretation of experimental results. Both septal-free wall and anterior-posterior diameters are required for correct assessment of left ventricular volume when experiments involve interventions that affect the two ventricles differently.
Local Variation at Baseline Volumes
Given that appropriate diameters have been chosen, how important are small differences in transducer placement? For example, it is difficult to determine precisely where anterior-posterior diameter measurements are made from descriptions and diagrams in published papers. Most investigators seem to measure the minor axis from 60% to 85% of the distance along the apex-to-base circumference (apex = 0% and base = 100%), a variation in crystal placement of about 25 mm. Given the complexity of left ventricular cavity deformation, this local variation is of potential importance because diameters do not all respond identically to volume change. Figure 4 shows epicardial-to-epicardial anteriorposterior diameters recorded in the seven preparation 1 dogs. These diameters are grossly similar: they are nearly maximum at end diastole, nearly minimum at end systole, and have similar mean values and amplitudes. However, the fine details, including rates of change and the location and timing of various small, quick changes in diameter, differ from dog to dog. Comparison of waveforms displayed in many published papers yields similar findings. For example, average rates of diameter change (our calculations) vary widely (Horwitz and Bishop, 1972; Stinson et al., 1974; Mahler et al., 1975; Rankin et al., 1976; Sasayama et al., 1976; Boettcher et al., 1978; Carew et al., 1979; Ling et al., 1979; Pouleur et al., 1979; Olsen et al., 1981; Hintze et al., 1982) and the diameters increase (Mitchell and Mullins, 1967; Pouleur et al., 1979) , decrease (Bishop and Horwitz, 1970; Rankin et al., 1976; Boettcher et al., 1978; Sabbah et al., 1981; Hintz et al., 1982) or remain nearly constant (ling et al., 1979; Olsen et al., 1983) during isovolumic contraction. Whether we consider diameters similar or dissimilar depends on the frequency of diameter change of interest. Low frequency components-mean levels, value at end diastole, or diameter change between maximum diameter and minimum diameter-are similar, whereas high frequency components-the fine details of waveform shape and rates of change-are dissimilar. This observation agrees with our earlier demonstration that, as a rule of thumb, variability among similarly located diameters increases at frequencies greater than the heart rate.
To examine whether different possible anteriorposterior minor axis diameters in the same heart contain the same information about left ventricular volume, we used the four to seven different epicardial anterior-posterior diameters measured in each of four preparation 2 dogs. Measuring multiple diameters ( Fig. 5A ) in each dog means that any differences are largely attributable to different relationships between left ventricular diameter and volume. Figure 5B shows six different anterior-posterior diameters in one ventricle. This example is typical of the four dogs studied. Except for large mean (0 Hz) differences, the low frequency aspects of the diameter waveforms are similar. In contrast, the amounts and rates of change during the cardiac cycle are variable. Some of the differences in Figure 5B could be due to changes in volume (end-diastolic pressures ranged from 4.4 to 7.7 mm Hg). Volume effects are likely to be minimal for the following reasons. For each simultaneously measured pair of diameters volume was identical. In addition, variation in enddiastolic pressure was smaller in the other dogs [11.7 to 12.9 mm Hg, 12.2 to 12.8 mm Hg (for one dog, entrapment of the pressure transducer prohibited comparison of pressure)]. Finally, the similarity of the results from all dogs (Fig. 2; Table 2 ) suggest that volume changes play a minor role.
The low frequency similarities become more apparent after the diameters are normalized. To remove scale effects due to different distances between crystal pairs (Fig. 6A) , we computed both percent change (Fig. 6B) and z (Fig. 6C ) normalizations. Normalization produces a remarkable match between the low frequency components of these two widely different raw diameter signals. This result confirms that low frequency signal content is very similar among different anterior-posterior diameter measurements. Therefore, for most practical purposes, left ventricular volume and diameter have a fixed relationship at frequencies of volume change less than or equal to approximately the heart rate.
In contrast, the fine details of the waveform do A: location of epicardial crystal placements on the  anterior free wall (left) and posterior free wall (right). Panel B: three  pairs of the measured epicardial anterior-posterior diameters from  one dog are shown (the crystal pair designations for each diameter  can be referenced to panel A). Each diameter pair was measured  simultaneously. The different pairs were measured under similar  conditions. The variation in EDP in this example is the largest seen  in the four dogs studied. EDP = end-diastolic pressure; P, = peak  systolic pressure; HR «= heart rate; D = end diastole; S = end- Figure  5B is redrawn in panel A After normalization as percent change from  control, these raw diameters nearly superimpose (panel B). After z  normalization, the superimposition is slightly improved (panel Q. not always match. When present, this mismatch is particularly obvious for differences in timing and rate of lengthening and shortening during different portions of the cardiac cycle. ling et al. (1979) reported similar results when comparing two simultaneously measured epicardial-to-epicardial anterior-posterior diameters, one measured near the apex and one measured at midventride. These two diameters had similar average magnitude and magnitude of change when normalized as a strain relative to minimum end-diastolic length when the vena cavae were constricted, but the rates and timing of diameter change during different portions of diastole were different. Because left ventricular volume change was identical, these differences in the high frequency components indicate that diameter and volume cannot be considered to be related by a fixed relationship at frequencies of volume change substantially greater than the heart rate. Hence, relatively small differences in diameter location will influence inferences made regarding higher frequency left ventricular volume change.
Local Variation as Volume Changes
The previous examples considered different, but closely spaced, diameters when left ventricular volume was changing around a stable baseline. To examine similar regional responses to hemodynamic perturbations, we used percent change and z scores to normalize several different epicardial anteriorposterior diameters after a vena caval constriction (Fig. 7B) . The waveforms were normalized, using Circulation Research/Vol. 56, No. 2, February 1985 the mean and standard deviation during the baseline before the constriction.
Both the percent change and z normalized waveforms consistently diverged as left ventricular volume decreased from its baseline value (Fig. 7, C and  D) because the scaling between means and variations about means that existed between the diameters in the baseline state was not the same as the scaling that existed between the diameters following a vena caval constriction. For a fixed model shape, the scaled diameters should continue to superimpose as left ventricular volume decreases. Because they do not, the left ventricle shape must have changed. Hence, there is not a fixed model shape relating diameter to volume.
The relationship between diameter and volume is most affected at low left ventricular volumes. In the four dogs in which simultaneous comparisons of anterior-posterior diameter measurements were made, the divergence was near the minimum diameter in 10 of 13 pairwise comparisons. Likewise, data in various reports from Rankin and his coworkers (Rankin et al., 1976; Olsen et al., 1981 Olsen et al., , 1983 show that, as left ventricular volume gets very small, of peak systolic pressure (panel A), raw diameters  (panel B), percent change normalization (panel Q, and z normalizations (panel D) of the same diameter pair shown in Figure 6 to a vena  caval constriction. The normalizations are relative to the mean (percent change) or mean and standard deviation (z score) of the first 2  seconds of data. The divergence of the normalized diameters as volume  decreases was typically seen in the four dogs in which the epicardial-to-epicardial diameter actually lengthens during ejection. This pattern is commonly seen in our data (Fig. 8 ) (at present, we do not know whether endocardial-to-endocardial diameters change in a similar manner at low left ventricular volumes). These paradoxical changes in diameter can result only if the relationship that existed between diameter and volume at baseline has changed as left ventricular volume decreases.
Some investigators (Rankin et al., 1976; Hess et al., 1983; Olsen et al., 1983) have combined observed diameters with a mathematical model for volume and differentiated the result to calculate flow into and out of the left ventricle. We compared flows, computed as the negative derivative of estimated volume, with aortic flows measured using an electromagnetic flow probe following vena caval constriction, pulmonary artery constriction, and aortic constriction in six of the preparation 1 dogs. Although the measured and calculated flow signals did not precisely superimpose under any conditions, the flow calculated at low left ventricular volume produced by a vena caval constriction has a different magnitude and time course, relative to the measured 6-1
FIGURE 9. Computed left ventricular outflow (
) and aortic flow measured electromagnetically ( ) (upper strip), calculated left ventricular volume (see equation in legend. Fig. 8) , dP/dt, and left ventricular pressure during baseline state (far left), vena caval constriction (middle left), pulmonary artery constriction (middle right), and aortic constriction (far right). aortic flow, than that calculated during the baseline state ( Fig. 9 ). To quantify this change in relationship between left ventricular diameter and volume we regressed (Fig. 10A) the measured instantaneous flow on the calculated instantaneous flow, both sampled every 5 msec during the ejection period of each heart beat. The ejection period was judged in reference to the measured flow. The correlation coefficient values between the predicted and measured flow during ejection were high (greater than 0.85) and remained nearly constant throughout the multiple beats during the occlusions (Fig. 10B) . However, the regression slope and intercept change as left ventricular volume is changed by vena caval constriction, pulmonary artery constriction, and aortic constriction (Fig. 10B ). In the different experiments, we observed both increases and decreases in slope and intercept. When comparing two waveforms of the same shape, a relative change in magnitude without a shift in the onset of one waveform relative to the other waveform would produce a constant zero intercept and change only the slope. A shift in the onset of one waveform relative to the other would change both intercept and slope, and reduce the correlation coefficient. Also, if the shapes of the signals change relative to one another, slope, intercept, and correlation coefficient would change. Thus, the trends seen in the data of Figure 10B are mostly due to magnitude shifts between the measured and calculated flows, because shifts in the onset of one waveform relative to the other, or shape change between the measured and calculated ejection flow, would also change the correlation coefficient (as in the middle panel of Fig. 10B ). However, a small effect due to shape changes or shifts in the onset of one waveform relative to the other is suggested by the changes in intercept.
The trends seen in response to vena caval constriction and pulmonary artery constriction could be due to change in flow probe contact with the aorta when pressure drops. However, we observed both increases and decreases in slope and intercept. A change in the quality of the flow probe signal is not likely to produce a shift in the onset of the measured flow relative to the calculated flow. Additionally, trends in regression coefficients were observed in response to aortic constriction, where pressure increased. Thus, the slope and intercept trends observed as left ventricular volume and pressure changes from baseline mean that the relationship between left ventricular diameters and volume is not constant. This interpretation is supported by the results obtained by Wilson et al. (1967) , who empirically determined the constant (i.e., the model shape) that best related epicardial-to-epicardial anterior-posterior and base-apex diameters to known left ventricular volume. This constant was 7r/6 in the standing dog, slightly less in the recumbent dog, and about x/8 during exercise. The model shape which describes the relationship between left ventricular diameter and volume at a normal left ventricular volume changes as hemodynamic state, particularly left ventricular volume, changes.
As before, whether the changing relationship between left ventricular diameter and volume is important depends on the use intended for a left ventricular diameter measurement. The mean diameter or value at any given point in the cardiac cycle, for example, end diastole, shows a monotonic decrease following vena caval constriction and pulmonary artery constriction, or increase following aortic constriction. These trends in low frequency events are useful for evaluating left ventricular volume change, and it matters little that the relation between diameter and volume change is not constant. However, for finer details of left ventricular diameter signals (i.e., higher frequency information), the paradoxical diameter changes at low left ventricular volume prohibit the use of diameter to represent or estimate volume.
Above what left ventricular volume are diameter measurements acceptable? We cannot answer this question precisely. One cannot simply say that the cutoff between acceptable and unacceptable data is the volume where obviously spurious results (e.g., lengthening during ejection) begin. These spurious results do not appear suddenly; they gradually appear as left ventricular volume decreases. There is an important practical implication of this shape change as volume decreases. The resulting paradoxical diameter changes suggest that a minimum diastolic diameter measurement at very low volumes may not, as has been assumed by some investigators (Rankin et al., 1977; Ling et al., 1979; Pouleur et al., 1979) , represent the left ventricle's unstressed volume.
Although if one begins at higher volumes (e.g., using conscious dogs, or after volume loading in acute experiments) there will be a wider range of volumes for which diameter relates well to volume, doing so will not eliminate the problem. Hence, any attempt to compute diastolic viscous properties (e.g., Rankin et al., 1977; Pouleur et al., 1979; Hess et al., 1983) or to demonstrate shifts or nonlinearity of end-systolic pressure-diameter relations (e.g., Crozatier et al., 1981) as left ventricular volume decreases from normal values may be uninterpretable. Such attempts should not be made unless the investigator clearly demonstrates the range of left ventricular volumes over which the relation between diameter and volume is fixed.
Cycle Invariance
For the use of dimensions to represent or estimate left ventricular volume to make sense under all circumstances, the relationship between left ventricular dimension and volume must remain fixed throughout the cardiac cycle.
Segment Lengths
Most segment length waveforms displayed in published reports are maximum at end diastole, minimum at end systole, and show few high frequency changes during the isovolumic portions of the cardiac cycle. However, it has been noted that there can be shortening or lengthening of a segment during isovolumic contraction and relaxation (Bugge-Asperheim et al., 1969) . Such length changes when left ventricular volume is constant represent a disassociation between volume and segment length changes during the isovolumic portions of the cardiac cycle. Thus, strictly speaking, the assumption of cycle invariance in the relationship between segment length and volume is false. Figure 11 shows that there is hysteresis in the relationship between endocardial-to-endocardial anterior-posterior diameter and left ventricular volume in an isolated ventricle preparation (Suga and Sagawa, 1974b) . There can be a difference of as much as 7 ml in left ventricular volume at a given anterior-posterior diameter depending on whether the left ventricle is ejecting or filling-a large error compared to the 19 to 20-mm stroke volume ejected. This hysteresis is incompatible with the assumption 11 . Hysteresis in the relationship between volume and internal (endocardial-to-endocardial) diameter. The volume-diameter plot is redrawn from Figure 3 of Suga and Sagawa (1974b) The assumption of a fixed functional relationship between left ventricular volume, V, and diameter, D, dictates that dV/dD (the rate of change of volume with respect to diameter) be constant. The hysteresis (Fig. 11) illustrates that dV/dD is not constant. Therefore, the cycle invariance assumption is false. A variety of published papers and our results from open-chest anesthetized dogs provide additional support for this conclusion. In ejecting contractions, diameter changes during isovolumic contraction and relaxation. In fact, several investigators have shown that rates of diameter change can be large (Stinson et al., 1974; Mahler et al., 1975; Kirkpatrick et al., 1976) , or even maximal , during isovolumic portions of the cardiac cycle. Such changes in left ventricular diameter during isovolumic contraction and relaxation result in spurious estimated flows out of or into the left ventricle (Fig.  9 ). The relative magnitudes and time courses of calculated and measured flow change as volume changes. For example, the estimated flow during isovolumic relaxation and early filling becomes the dominant event of the cardiac cycle after vena caval constriction. Figure 12 shows that non-ejecting contractions also show a disassociation between diameter and volume. Epicardial-to-epicardial anterior-posterior diameter changes continuously during non-ejecting contractions after an extrasystole. Anterior-posterior diameter lengthened approximately 1.4 mm during a non-ejecting systole. This is a large change relative to the 2.5 mm shortening during an ejecting contraction. Similarly, Suga and Sagawa (1974b) show a 1-mm change in endocardial-to-endocardial ante-Circulation Research/Vol. 56, No. 2, February 1985 rior-posterior diameter during an isovolumic contraction, which is large relative to the 3-to 4-mm change shown during an ejecting contraction. Hence, during non-ejecting contractions and during isovolumic portions of ejecting contractions, both endocardial-to-endocardial and epicardial-to-epicardial diameters change by large amounts relative to the amount they change during an ejection.
Diameters
Two important practical issues arise out of this consideration of cycle invariance. The first concerns the validation of dimensions as a substitute for volume. Diastolic volume change is often inferred from diastolic diameter changes. However, validations done in beating hearts to support this practice use ejection phase standards like aortic flow (Bishop and Horwitz, 1970; Rankin et al., 1976) . The falsity of the cycle invariance assumption implies that a validation during ejection may not hold during filling, because the relationships between diameter and volume are different. This is not a problem for low frequency changes in volume, but is a problem for high frequency changes in volume. The second issue concerns selection of an interval of the cardiac cycle for study. Although, the spurious computed outflow during isovolumic relaxation returns to zero just before or at the time of minimum diastolic pressure, we have no way of judging when the obviously spurious relation between left ventricular diameter and volume during isovolumic relaxation ends and an assumed good relation begins during early diastole. Hence, we advise against the practice of analyzing higher frequency diastolic diameter data only after the time of minimum pressure (Rankin et al., 1977; Pouleur et al., 1979) .
Conclusion
To relate dimensions to volume, one must assume that there is a single fixed relationship between dimension and volume. It does not matter what the relationship (i.e., model shape) is, when determining
FIGURE 12. Measured aortic flow, computed flow (negative derivative of computed volume), computed volume, left ventricular wall thickness, base-apex diameter, anterior-posterior diameter, and pressure following an extrasystole (ES). In the alternans that followed the ES, diameter changes a large amount during nonejecting beats (arrows).
relative changes in volume, but whatever the relationship is, it must remain constant over all hemodynamic states of interest and at all times during the cardiac cycle. Strictly speaking, because the left ventricle shape changes as cavity volume changes, this assumption is false. The frequency content of ventricular dimension and volume signals is a unifying element for considering whether it is valid to infer global volume change from measured local dimension change.
In general, the ability to relate dimension to volume accurately decreases as the frequency of the information one needs increases. As a rule of thumb, we separate accurate inferences regarding volume from inaccurate ones at approximately the heart rate frequency. Although frequency analysis of the information content of diameter measurements, as well as the various examples showing regional and cycle variation in the relationship between dimension and volume, all suggest the frequency of the heart rate as a good break point, there is a 'gray area* around the frequency of the heart rate.
For changes in volume that occur at frequencies less than or equal to the heart rate, the falsity of the assumption of a fixed relationship between dimension and volume usually does not limit inferring volume from dimension (Two exceptions are using dimension change between end diastole and end systole as a substitute for stroke volume at very low ventricular volumes, and the requirement that both septal-free wall and anterior-posterior diameters are measured if hemodynamic interventions such as pulmonary artery constriction or positive end-expiratory pressure respiration are used to study left ventricular function). Fortunately, most applications fall into this low frequency range. In contrast, for changes in volume at frequencies greater than the heart rate, the falsity of this assumption limits the use of dimension change to infer volume change. In particular, one should not attempt to make inferences based on derivatives of dimension or on subtle changes in the fine details of dimension change when the intent, either implicit or explicit, is to relate this dimension change to global volume change.
Thus, some past reports in the literature may require reinterpretation, and future use of this necessary practice of relating dimension measurements to volume should consider the guidelines we present. In particular, validation of an adequate relationship between dimension and volume must consider the frequency content of the volume information required to answer the question of interest, and must cover the range of hemodynamic states and left ventricular volumes over which the left ventricle is to be evaluated.
